A phase I dose escalation study of Ad GV.EGR.TNF.11D (TNFerade™ Biologic) with concurrent chemoradiotherapy in patients with recurrent head and neck cancer undergoing reirradiation introduction Head and neck cancer (HNC) is the sixth most common cancer worldwide with an annual incidence of >600 000 cases [1] . The majority (>90%) of cases are head and neck squamous cell carcinomas (HNSCC). Mortality remains substantial with 30%-40% of HNSCC patients dying from their disease [1] . Locoregional treatment failure remains a major cause of tumor recurrence and death. Once the cancer recurs treatment options are limited. Low-volume, resectable disease may be treated surgically; however, the majority of patients even with localized disease have unresectable disease, or are medically not fit for surgical resection [2] . Doublet chemotherapy with cetuximab results in a median survival of 10 months but is palliative in intent [3] . Several phase II trials suggest that multimodality treatment including reirradiation can achieve long-term survival (>3 years). Typically a subset of patients with confined locoregional recurrence can achieve long-term survival rates of 10%-40% [4, 5] . Nevertheless, radiation resistance remains a major obstacle. Little progress has been made in the past decade, as various drugs have been unable to provide incremental benefit. Novel approaches to enhance tumor cell kill and overcome treatment resistance are of great interest.
Our group at the University of Chicago completed several clinical chemotherapy-reirradiation trials using the FHX platform, consisting of infusional 5-fluorouracil (5-FU), hydroxyurea (H), and concomitant radiation (X), to which a novel drug could be added. Multiple trials from our group [2, [6] [7] [8] [9] [10] [11] [12] , the Institut Gustave-Roussy, the University of AlabamaBirmingh am, and the Radiation Therapy Oncology Group clearly show the feasibility and safety of reirradiation. Nevertheless, this approach remains limited to the clinical trial setting [4, [13] [14] [15] [16] . One randomized trial investigating FHX reirradiation in comparison to observation following salvage surgery indicated improved disease-free survival but not overall survival (OS) [17] . Analysis of data from subjects treated on reirradiation protocols determined that the use of surgery, multiagent chemotherapy, and higher radiation doses were independent prognostic factors for survival [2] .
TNFerade™ Biologic (Ad GV.EGR.TNF.11D) is a second generation replication-defective adenoviral vector that carries a human TNF-α gene linked to a radiation-inducible promoter (EGR-1) [18] [19] [20] [21] [22] . TNF-α is a known chemotherapy and radiation sensitizer [19, 21] . A systemic administration of TNF-α is associated with severe toxic effects, whereas local administration is well tolerated with few systemic side-effects [19, 21] . TNFerade™ Biologic is injected into the tumor followed by radiation with the goal of induction of regional TNF-α production and radiation enhancement without associated systemic side-effects [18, [22] [23] [24] [25] as well as immune system activation [26, 27] . For example in this context, using Ad GV.EGR.TNF.11D Meng et al. demonstrated extensive molecular and host changes induced by small amounts of TNF-α [28] , which resulted in tumor-specific T-cell immunity and suppression of lymph node metastasis.
In this phase I trial, we combined chemoradiation using the FHX chemoradiotherapy platform [29] [30] [31] with TNFerade™ Biologic administration in a population of poor prognosis HNC patients with regionally recurrent, previously radiated disease including patients with larger, unresectable tumors, and patients with limited distant metastatic disease, who had dominant local symptoms.
The postulated benefit of this approach was that TNF-α production would be induced locally by administration of radiotherapy and tumors thus exposed to radiation in the presence of two different radiosensitizers, chemotherapy and TNF-α.
patients and methods

patient population and inclusion criteria
Patients were aged ≥18 years with previously irradiated, unresectable, recurrent HNC (squamous cell carcinomas or other HNC histologies). Patients with distant metastases of low volume with a need for locoregional palliation were also eligible. Prior radiotherapy had to be completed ≥4 months and/or chemotherapy ≥1 month ago and patients had to have recovered from previous side-effects to grade ≤1. Patients needed to have tumor amenable to injection as assessed by an otolaryngologist. Expected life expectancy of >12 weeks, Eastern Cooperative Oncology Group (ECOG) ≤1, and normal organ function were required. Patients with significant infection, immune deficiency, involvement of major vessels, and history of a bleeding diathesis/thrombosis were excluded. The institutional review board approved the protocol and consent was obtained from all patients. were enrolled; the dose level was advanced after all six patients completed treatment if ≤1 DLT was observed. If ≥2 of the first three patients or ≥2 of six patients experienced DLT, the phase I portion stopped and the previous dose level was recommended as MTD ( provided at least six patients had been treated at that dose level). National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) 3.0 were employed. DLTs were defined as grade ≥3 toxicities considered to be at least possibly related to TNFerade™ Biologic seen during cycles one or two. Typical FHX chemoradiationrelated toxicity (mucositis) documented in prior experience [33] was not considered dose limiting. Based on the prior observation of thromboembolic events [20, 23] , patients were closely monitored for thrombotic events and grade ≥3 events counted as DLT. The MTD was defined as the highest dose levels in which the observed rate of DLT was <33% (≤1 of six patients).
treatment and trial design
The treatment schema, dose levels, and administration schedule are shown in Figure 1 . Patients received treatment during seven 2-week cycles. One treatment cycle consisted of a 5-day treatment period followed by 9 days of recovery ('week-on/week-off' schedule).
All patients underwent CT-based radiotherapy planning using either 3D conformal or intensity modulated radiation treatment. Radiation was given on days 1-5 per cycle, in 1.8-2 Gy (daily RT) fractions, up to a total dose of 63-70 Gy (6 to 7 cycles). Radiation doses to gross disease were 63-70 Gy, 33-50 Gy to the supraclavicular fossa for high-risk microscopic disease, and boosted with a field reduction to 66-70 Gy for gross macroscopic disease. Doses to the posterior neck were 45-60 Gy and 66-70 Gy for gross macroscopic disease. The anterior neck doses were 50-60 Gy. Doses to the spinal cord were limited to <45 Gy Hydroxyurea was given at 1000 mg by mouth every 12 h for 11 doses and a 5-day continuous infusion of 5-FU was given at 800 mg/m 2 /day.
TNFerade™ Biologic was administered on day 1 or 2 of each cycle by the surgeon via direct, ultrasound, and/or endoscopic visualization. Up to four lesions within the radiation field could be injected; and with each subsequent injection, differing areas of the tumor were targeted (see example of TNFerade™ Biologic administration in Figure 2 ).
assessments
Antitumor efficacy was assessed beginning 4-6 weeks after completion of therapy using radiographic response (CT scan), clinical response (clinical exam), and pathologic response (biopsy), if required.
In addition to the pretreatment biopsy, a repeat tumor biopsy from TNFerade™ Biologic-treated sites was carried out during the second cycle of treatment and ≥4 weeks after completion of treatment for TNFerade™ Biologic correlative studies.
Before treatment, all patients underwent dental consultation, speechswallow evaluation, and triple endoscopy.
objectives
The primary objectives were to determine the recommended phase II dose and DLT. The secondary end-points were survival and response rate. After completion of chemoradiotherapy, imaging was analyzed based on the modified RECIST criteria (no confirmatory scans) [34] .
OS was defined as the time from the date of first study treatment until death from any cause. OS was calculated using the Kaplan-Meier estimator. The cause of death was determined to be due to disease or other causes, and the cause-specific cumulative incidence estimates were used to assess the probability of failure due to each cause [35] . TNFerade™ Biologic specific vector DNA was detected by qPCR (see Supplementary Methods, available at Annals of Oncology online) from tumor tissues. We measured the expression of adenovirus receptors TNFerade™ Biologic-unrelated grade ≥3 toxicities are listed in Table 2B and are consistent with the side-effect profile of FHX-based reirradiation therapy [32] . Transient pain (grade 1/ 2) at the injection site was common. One sentinel bleed event occurred from tumor invasion into the carotid artery during treatment and was controlled by carotid artery stenting (Table 2B , cohort 1).
Three patients had a declining performance status and declined to complete the entire course of therapy. Their respective radiation doses were (54 Gy, 60 Gy, and 38 Gy). Three patients had chemotherapy dose reductions for chemotherapy-related neutropenia and growth factor support was used.
survival and treatment response
The overall locoregional response rate was 83.3%: five patients achieved a complete response (CR), five patients a partial response (PR), two patients had stable disease (SD), and two patients were not assessable after TNFerade™ Biologic based reirradiation ( Table 3) .
The response assessment is based on the modified RECIST criteria (no confirmatory scans) or where available--pathologic confirmation.
The median OS was 9.6months ( Figure 3A) . The 1-and 2-year survival rates were 35.7% and 7.1%, respectively. The disease-specific median survival was also 9.6 months ( Figure 3B ).
One patient (7.1%) remained alive and cancer free 3.5 years after completion of therapy. Eleven patients died from or with active cancer (78%), and two patients died from complications/ comorbidities after therapy. The three patients with distant metastatic disease all progressed distantly, and two patients received palliative chemotherapy. Patients died 2 months, 1 month, and 13 months after completion of chemoradiotherapy.
Two patients died from causes deemed unrelated to HNC (cancer-free based on the most recent exam/imaging) or cancer therapy: one patient was found dead 6 months after completion of therapy (cause of death unknown). One patient died from aspiration pneumonia 9 months after completion of therapy.
correlative laboratory studies
TNFerade™ Biologic relevant adenovirus receptors [Coxsackie virus and adenovirus receptor (CXADR), integrin α V beta (ITGAV), and macrophage scavenger receptor variants 1 and 2 (MSR1)] were present in tumor biopsies of all patients (based on DNA and/or protein expression, supplementary Tables S1- S3, available at Annals of Oncology online). Also TNF-α and TNF receptors 1 and 2 (TNF, TNFRSF1A/B) were detected in the majority of samples. The housekeeping genes TBP and GAPDH, which were used as positive controls, were positive in all samples. The results of PCR-based detection from OCT frozen and paraffin-embedded tissues, and IHC results were consistent among patients. There was a trend towards lower detection rates in the samples obtained during treatment and after treatment (compared with pretreatment biopsies).
Of note, TNFerade™ Biologic-derived TNF-α DNA was detected in 3 samples from one patient at two different time points (during treatment and one month post treatment).
discussion
Gene therapy approaches provide the potential opportunity to change the biology of cancer and/or the patient's immune system by intratumoral insertion of custom designed genetic material. The occurrence of unexpected side-effects [36] , as well as the challenge of vector delivery to the cancer locoregionally and systemically, has slowed progress. Nevertheless, recently a gene therapy approach achieved apparent eradication of chronic lymphocytic leukemia cells in patients who were otherwise refractory to therapy [37] , and gene therapy has also been able to cure immunodeficiency syndromes as well as hemophilia [38] [39] [40] [41] [42] [43] .
TNFerade™ Biologic is a replication-deficient adenoviral vector expressing human TNF-α under the control of the chemoradiation-inducible EGR-1 promoter intended to lead to intratumoral TNF-α production when the tumor is radiated [18] [19] [20] [21] [22] . In this phase I trial, we determined the recommended phase II dose of TNFerade™ Biologic in combination with chemoradiation in patients with poor prognosis, previously radiated HNC. Preclinical evidence suggests that TNF-α is a potent radiosensitizer that may overcome radioresistance and lead to tumor necrosis with tumor blood vessel thrombosis [19-25, 44, 45] .
Our results demonstrate that TNFerade™ Biologic can be integrated at a dose of 4 × 10 10 PU every 2 weeks with FHX chemoradiotherapy. The DLT in this study was thromboembolism with 4 out of 14 patients developing either deep vein thrombosis or pulmonary embolism (28.6%). Given earlier reports of fatal pulmonary embolism in a cohort of esophageal cancer patients treated with TNFerade™ Biologic thrombosis was considered a potential DLT and possibly related to TNFerade™ Biologic despite very low systemic exposure to the agent. HNC patients frequently experience thromboembolic events and a rate of up to 30% is commonly reported [33] . Further investigation in a randomized study will be required to determine the significance of thromboembolic events in this setting. Overall, TNFerade™ Biologic administration was well tolerated with mild-to-moderate, transient injection site pain. Overall treatment was well tolerated and there were no synergistic side-effects with FHX chemoradiotherapy. No typical TNF-α related side-effects were observed, suggesting that no clinically significant systemic leakage of TNF-α into the bloodstream occurred. The rate of severe side-effects whether related or unrelated to therapy appears similar to observations in other studies in this highrisk population [2, 5-8, 10-13, 32] .
This phase I study was not designed for efficacy assessment. The observed response rate of 83.1% is encouraging in this poor prognosis patient population, although OS continues to be unsatisfactory. The observed activity would support an additional, preferably randomized phase II study to assess the efficacy in a better prognosis group of patients.
Preclinical radiobiology experiments lend strong support to the addition of TNF-α to radiation. The results of these studies suggest the ability to overcome radioresistance, arguably the most significant survival limiting factor in the treatment of previously radiated, recurrent HNC patients [19] [20] [21] [22] [23] [24] [25] [44] [45] [46] [47] . It should be noted that TNF-α has also been associated with proinflammatory and growth-promoting/cancerogenic effects, albeit chronic TNF-α exposure is usually required [48] . Given the locoregional delivery of TNF-α in this study, limitations of the samples we obtained, and the observed strong antitumor activity in a setting where radioresistance is a major barrier to good clinical outcome, we did not investigate the broader effects of TNF-α further. Nevertheless, additional systematic studies are indicated to further clarify the effect of TNF-α on the tumor microenvironment.
One potential challenge in locoregional therapy is the delivery of the agent to sufficient/all tumor-involved areas. Inter-patient and inter-operator differences are common, and standardization and operator training are essential. In this context, further refinement of the therapeutic strategy and potential administration methods of TNFerade™ Biologic for HNC should be determined before use in a larger phase II study.
TNF-α complementary DNA encoded by TNFerade™ Biologic contains a unique 3⍰UTR polymorphism that distinguishes it from endogenous, host-derived TNF-α DNA. This polymorphism is detectable by PCR and permits the qualitative/quantitative assessment of TNFerade™ Biologic in post-treatment biopsy specimens. A preclinical assessment of TNFerade™ Biologic-derived TNF-α was detected in A549 (lung), PC3 ( prostate), and U87 (glioblastoma) hind-limb xenograft tumors in athymic nude mice when injected with 2.2 × 10 9 PU of AD.EGR.TNF and irradiated with 2 Gy for 5 days (data not shown).
In this study, TNFerade™ Biologic-specific DNA was detected in three samples derived from one patient, obtained at different time points. This includes a specimen obtained 4 weeks after treatment indicating that adenoviral TNFerade™ Biologic-specific DNA can persist for a prolonged period. Whether the radiation-inducible EGR-1 promoter remains active at this time point, and could be re-employed is unclear. We were unable to detect TNFerade™ Biologic-derived TNF-α in additional samples: there are several possible explanations for this. Based on preclinical modeling in animals we know that needle biopsies have low detection sensitivity due to variation in the area of injection versus sampling. In addition, the occurrence of necrotic tissue in general can lead to rapid TNF-α degradation. Indeed, IHC results show evidence of necrosis in multiple samples. Finally, efficient eradication of TNFerade™ Biologic by the patients' immune system might occur via endogenous anti-adenoviral antibodies. No pre-or post-observational assessment of anti-viral antibody titers was done in this study. It is possible that induction of TNF-α production was simply not achieved or determined at the threshold level of detection of the assays employed herein. The presence of adenovirus receptors in HNC is an important factor to be determined in the clinical efficacy of adenoviral vectors in the treatment of head and neck tumors and should be investigated as an independent risk factor. The detection of TNF-α and respective TNF receptors supports a clinically significant role for TNF-α in this disease setting/therapeutic approach.
In conclusion, we have completed a phase I study combining TNFerade™ Biologic with FHX-based chemoradiotherapy. The recommended phase II dose for TNFerade™ Biologic is 4 × 10 10 PU. Monitoring for thromboembolic events is warranted based on the DLT observed, although routine management appeared to be sufficient in this study. Optimization of the route of administration as well as consistent TNFerade™ Biologic-derived TNF-α detection will be important in the design of future studies with TNFerade™ Biologic. 
